Abstract: This study investigated the antibacterial activity and cell adhesion of commercially pure titanium (Ti) surfaces modified by zinc plasma immersion ion implantation (Zn-PIII) treatments for dental implant application. An X-ray photoelectron spectrometer, atomic force microscope, and scanning electron microscope were utilized to analyze the chemical composition and surface topography of Zn-PIII Ti specimens. Porphyromonas gingivalis (P. gingivalis), common oral bacteria which often cause complications in combination with dental implantation, were seeded onto the modified Ti surfaces for 48h in order to study the antibacterial effect of the surface. The attachment and proliferation of murine osteoblasts (MC3T3-E1) on the Zn-PIII Ti surface were investigated using acridine orange fluorescence staining and a scanning electron microscope. The results showed that the Zn-PIII treatment influenced the surface topography of the Ti specimens, and that Zn singles on Zn-PIII-treated Ti surfaces increased with increased Zn-implanted time. The numbers of bacteria that adhered to Zn-PIIItreated Ti surfaces were significantly less than for untreated Ti, and gradually decreased with increasing Zn concentration. In addition, the adhesion and proliferation of MC3T3-E1 on Ti were improved by Zn-PIII treatment (p < 0.05). The results suggest that the Zn-PIII modified surface-layer-formed Ti could consequently restrain bacterial adhesion of P. gingivalis, and could enhance the cell proliferation and adhesion to Ti surfaces for dental implant application.
Introduction
Dentition defect and partial anodontia greatly increase the discomfort for the patients and reduce their life quality. Therefore, dental implants are often a preferred alternative of natural teeth which could restore the oral form and function. Titanium is commonly used material for medical implant due to their excellent mechanical properties, corrosion resistance and biocompatibility 1) , however it has no biological activity to induce osteogenesis and antibacterial properties as an inert material. Pure titanium implants are not only in contact with bones but also the gingival tissues which are partly exposed to the oral cavity during the implantation, the healing process, and when they are exercising their designed functions. This increases the risk of bacterial infection which finally develop to peri-implantitis [2] [3] [4] . Porphyromonas gingivalis (P. gingivalis), a major causative player in the development of chronic periodontitis, can thus through surface modifications of titanium implants to obtain certain antibacterial properties that can reduce the adhesion of plaque biofilms and increase the long-term success rate. Therefore, many researches are currently focusing on finding a suitable method for the modified Ti to increase the osteogenesis while at the same time also introduce certain antibacterial properties to th e implants. Surface mo dification s su ch as sol-gel electrophoresis 5) , acid etching 6) , anodic oxidation 7) , laser etching 8) and ion implantation have been utilized so far for those purposes. Among these surface modification techniques, PIII technology is based on the ion implantation. To date, plasma immersion ion implantation technology as one of the dry process for nano-modification of surfaces, has been gradually applied to the surface modification of titanium implants.
It is superior to chemical treatment methods which uses hazardous substance. The proper storage and handling of chemical wastes from processing to avoid environment pollution also increase the cost of production. It has been shown that the modification of pure titanium surface with oxygen ions implantation using PIII technique can effectively improve the corrosion resistance of implants and enhance their ability of synosteosis 9, 10) which may benefit the osseointegration of titanium implants.
Researches have also shown that Fluorine-PIII modified titanium surface has increased antibacterial activity in vitro 12) .
Zinc as one of the indispensable elements of tissues and organs in human body, can enhance the retention strength and osseointegration of implants 13, 14) . Zinc also has strong oxidation ability that can be directly or indirectly combined to most gas elements to generate corresponding compounds. Moreover, Zn species are also known to possess excellent antibacterial qualities 15, 16) .
In this work, Zn-incorporated Ti of the surface layers was prepared by PIII for osseointegration and peri-implantitis. Its antibacterial activity of the zinc-ion implanted titanium against P. gingivalis together with adhesion, proliferation and differentiation of MC3T3-E1 was investigated to evaluate the biocompatibility of the Zn-PIII titanium.
Materials and methods

Preparation of Samples
Commercial pure titanium (CP-Ti, Shanxi Province, China, TA3, purity 99.9%) was cut into 10mm-diameter disks with a thickness of 1mm, and discs were ground and polished uniformly with #600, #1000, #1500, #3000 SiC abrasive paper respectively, followed by sequentially ultrasonic cleaning in acetone, ethanol, and distilled water, before they were air-dried and stored in a desiccator. The untreated discs without Zn-ion implantation was 
Bacterial culture and seeding
Porphyromonas gingivalis type strains ATCC33277 (reference strains from the bacteria library of China Medical University) were used in the experiments. Bacteria freeze-drying strains were seeded and recovered on blood agar plates of Brain Heart Infusion broth (BHI, Hope Bio-Technology Co., Ltd. Qingdao, China), supplemented with 10% sheep blood, and 1.5% agar and incubated at 37 °C in an anaerobic environment (80% N 2 and 10% CO 2 , 80% H 2 ) for 72 h. After the strains were confirmed as pure cultures by gram staining, the bacteria were seeded on a BHI plates for 48 h at 37 °C. The strains were reserved with phosphate buffered saline (PBS, pH 7.2, 0.2mol/L) at the density of 1×10 9 CFU/mL.
Anti-bacterial activity test
The Cp-Ti and Zn-PIII-Ti specimens were sterilized by ethylene oxide and placed in a 48-well plate with the modified surface of the specimen placed facing upward, and 100 l of ATCC33277 bacterial suspension (1×10 6 CFU/mL) was plated on each Ti disc surface, then 900 l BHI liquid medium was added into the well from the side gently, and cultivated at 37 °C for 48 h. 
Cells morphology
After cell culture for 2 h and 48 h, the samples were harvested as washing by PBS, then fixing with 2.5 % glutaraldehyde in 0.1 M cacodylic acid buffer (pH 7.4) overnight. After fixation, the samples were washed again with PBS, following by sequential dehydration in an ethanol series of 30%, 50%, 70%, 80%, 90%, 95% and 100% for 15 min in each concentration, a critical point drying and sputter-coated with Au-Pd and the morphological characteristics of the attached cells were observed using SEM.
Cell attachment
Acridine orange (AO) staining method was used to detect the cell counting of MC3T3-E1. The samples of Zn-PIII-10, Zn-PIII- 
Statistical analysis
Experiments were conducted three times using three replicate samples each. Statistically significant differences (P<0.05) between the various groups were measured using one-way analysis of variance and Tukey's multiple comparison tests. All statistical analysis was carried out using a SPSS Statistics 17.0 software package.
Results
Chemical composition
The XPS results were shown in Table 1 and Fig. 1 . Table 1 showed the percentage of chemical composition changes of the surface layers on Cp-Ti and Zn-PIII-Ti in percentage. The elements of pure titanium surface are mainly consisted by titanium (Ti), oxygen (O) and carbon (C). However after zinc ion implantation, the data indicated that Zn signal has appeared at 1021.4eV on the surface of titanium and the oxygen peak decreased remarkably after the ion implantation. As shown in 
Surface roughness
The surface morphology and roughness of Cp-Ti and Zn-PIIITi were measured by AFM, as shown in fig. 3 ,4. It was discovered fig. 3 . Furthermore, much denser nano-scaled features were created on the surface by ion implantation (Fig. 4e ). Fig. 5 was the result of SEM examination that performed to investigate the effects of Zn-PIII-Ti on the bacterial morphology. P. gingivalis were observed on both Zn-PIII-Ti and Cp-Ti surfaces, but there were differences in the quantity and membrane integrity of P. gingivalis. From Fig. 5 , we find that more the colonies of P. gingivalis on the specimens of Cp-Ti (Fig. 5a ) than on the surface of Zn-PIII-Ti (Fig. 5b-e) . P. gingivalis on Cp-Ti surfaces aggregated in masses and exhibited spherical or rod-like shape, typical for normally growing bacteria. The bacteria adhered on Zn-PIII-10 min surface were fewer than Cp-Ti surface (Fig. 5b) , some of the P. gingivalis displayed corrugation and even aggregation with each other. As the Zn ion implantation time increased, P. gingivalis adhesion on the Zn-PIII-Ti surface have gradually reduced, the bacteria on Zn-PIII-30 min and Zn-PIII-60 min were appeared irregular shapes and some bacteria collapsed and broke into fragments (Fig. 5c, d ), while obvious cell debris and completely lysed cells were observed on Zn-PIII-Ti. The Zn-PIII-90 min surface supported only few long rod-shaped and disintegrated fragments of bacteria (Fig. 5e) .
Anti-bacterial activity
Morphology of MC3T3-E1
As shown in Fig. 6 , it is revealed that Zn-PIII-Ti surfaces did influence the morphology and celluar reaction rate of MC3T3-E1 cells after co-cultured 2 h. The cells on Cp-Ti surface were mainly round shaped and little extended, and has minor adhesion area on the discs (Fig. 6a) . At the same time, the cells on Zn-PIII-Ti surface spread more filamentous pseudopodia which enhanced the contact 
Cell proliferation and attachment
The cell attachment on the surfaces of the samples was significant to its cell spreading, proliferation and differentiation on the materials. From Fig. 8 and with the sample surfaces (Fig. 6b) . From the low resolution figure (Fig. 6c, d ), we could found the cells adhered on Cp-Ti surface which were distributed irregularly, but there were no significant differences in numbers of cells sticking on the Zn-PIII-Ti and . It can effectively overcome the problem associated with the dose maintaining compared with the traditional ion implantation 22) , at the same time also facilitate the surface modification of metals without changing their original formation 23) . The modified surfaces have revealed a favorable adhesion characteristic of cellular tests in vitro, and ensured the further safety of biomaterials. Utilizing the advantages of PIII technology, we aimed to develop the superiority of Ti in order to create a potential dental material that possesses osseointegration as well as bacteriostasis. In this experiment, PIII technique as a simple and economical process was applied to the surface modification of pure titanium implant with Zn-ion-implantation.
After Zn plasma ion implantation, the chemical composition, morphology and roughness of titanium surface has changed dramatically compared with the pure titanium surface. Through the surface energy spectrum analysis of modified layer, the treatedTi was mainly composed by three elements-Ti, O and Zn. We discovered that zinc signal gradually improved with increased Znimplanted time, while titanium and oxygen signals decreased at the same time. The surface zinc content reached the maximum when implantation time was 90 min. From the SEM images of untreated-Ti and Zn-ion implanted Ti, we perceived that the Znion implantation do not affect the crystal lattice severely of titanium, while lots of evenly dispersed lumps formed on the surfaces of titanium, which was relative smooth originally. The analysis showed that large amount of zinc ions have been implanted into the substrate to form a stable oxide, and a portion of zinc ions might deposit on titanium surface directly through specific reactions. The morphology and structure of the granular masses become more and more consistent with the increasing time of Znion implantation. Therefore, we gain this optimized method that influence the mechanical property minimally which preserve the coarseness of the material that are essential to the surface modification of dental implants.
Ch oo sin g materials embed ding in hu man bod ies, osseointegration is the most critical parameter for consideration, in order to produce a long-term stability of implants. Studies indicated that a number of elements including oxygen 9, 10) , fluoride 11) , calcium 24) , sodium 25) and magnesium 26) have been implanted to improve the biocompatibility of titanium. The early attachment of cells with a preferable morphology is important to evaluate and determine the biological activity of the materials 27) .
In addition, it has been proved that zinc plays an essential role in osteoblast mineralization 28) , which can increase osteogenic effect by stimulating cell proliferation, alkaline phosphatase activity and collagen synthesis in osteoblastic cells 29) . Researchers also demonstrated that the release of Zn 2+ ions is important for differentiation in osteoblast and induced bone formation 30) . The Meanwhile, it is generally known that porphyromonas gingivalis is the main putative periodontopathic bacteria adhered on the dental implants. The virulence factors of P. gingivalis can stimulate the tissue cells and promote the formation of plaque surrounding the implants which then destroy the soft tissue barrier and bone-implant interface of implants, which in the end causing the peri-implantitis and the final failure of implant denture 2, 3) . The surface modification to inhibit the growth of P. gingivalis is strongly desired 31) . In particular, Zn has proven to possess active antibacterial ability in numerous studies. It has been shown that Figure 9 . Cell attachment and proliferation on non-implanted titanium and zinc-ion-implanted titanium ''*'' stood for comparing with the group of Cp-Ti, p < 0.05; ''**'' stood for comparing with the group of Cp-Ti, p < 0.01; ''#'' stood for comparing with the group of Zn-PIII-90 min, p < 0.05 Scherbaum W and Becher J. Influence of different treatment the Zn-incorporated TiO 2 coatings can greatly restrain the increase of both Staphylococcus aureus and Escherichia coli 16) .
Furthermore, researchers found that Zn-treated Ti exhibited a better reduction in the adhesion of P. gingivalis as compared to polished Ti 32) . In addition, it was reported that hydroxyapatite (HA) coated titanium substrate with Zn coatings could possess better antibacterial properties of P. gingivalis 33) . Similarly, Xu et al. has confirmed that Zn-ion implanted and deposited titanium surfaces can reduce the adhesion of Streptococccus mutans 34) . Therefore we have chosen P. gingivalis as the model strains to demonstrate the adhesion of bacteria on sample surfaces. We found that the Zn-ion implantation modified surfaces have a certain degree of antibacterial property, and the bacteriostatic ability gradually increased with the increase of the dosage of zinc ions. This may relate to the zinc oxide which forming on the titanium surface modified by PIII technique. The release of Zn ion from the surface of Zn ion treated-Ti has influence on the pH of bacteria to prevent the adhesion and metabolism of P. gingivalis. In addition, zinc oxide on modified-Ti may restrain the enzyme activity of P. gingivalis cause the pathogen protein denaturation and break the bacterial cells, in order to inhibit the growth of bacteria.
In conclusion, we have shown that titanium substrates with Zn-PIII modified surfaces have strong promoting effect of osteoblastic proliferation and adhesion which may be used to improve the biocompatibility of Ti implants. Furthermore, it also inhibits the growth of bacteria to prevent peri-implantitis.
However, further studies will be necessary to clarify the mechanism behind the antibacterial and osteogenic of Zn-PIII-Ti modified surfaces.
